Canine hearts were fixed with glutaraldehyde at zero transmural pressure 17 to 48 weeks after main pulmonary arterial banding. Tissues were taken from the trabeculae carneae at the ventricular right base, right apex, left base, and left apex. They were placed in osmium tetroxide, embedded in Epon 812, stained with Azure II methylene blue, and sectioned at M fi. The mean cell lengths of the hearts with main pulmonary arterial banding were greatest at the right base, 105 ±5 fj, and left base, 103 ± 5.7 fx. (The means ± SE are given.) The mean cell length at the left apex was 95 ± 4 //, and that at the right apex was 92 ± 5 p. All were greater ( P < 0.001) than the cell lengths of normal hearts, 71 ± 1.5 ft. The mean sarcomere lengths of the right ventricle with main pulmonary arterial banding (right base, 2.04 ± 0.006 fj.; right apex, 2.18 ±0.004 fi) were less than those of normal hearts (right base, 2.41 ±0.006 fi; right apex, 2.46± 0.003 fj,). The mean sarcomere length of the left base with main pulmonary arterial banding (2.10 ±0.01 p) was less than the normal (2.16 ± 0.002 fji); however, the mean sarcomere length of the left apex with main pulmonary arterial banding (2.28 ±0.005 fi) was the same as the normal.
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• Previously reported quantitative determinations of cellular myocardial hypertrophy have been based solely on the estimation of the cross-sectional area of myocardial cells (1) (2) (3) . No quantitative knowledge is available as to whether the length of the myocardial cell changes when the heart is stimulated to hypertrophy. We described a technique for stretching the myocardial fiber under constant conditions in the normal heart and for fixing this tissue with minimal shrinkage and distor- tion (4, 5) . In addition, we described an increase in glycogen at the base as compared with the apex of the hypertrophied right ventricle (6) . As an extension of these studies, we are reporting the changes in the cell and sarcomere lengths at the bases and apexes of the canine right and left ventricles produced by banding the pulmonary artery.
Methods
In five mongrel dogs weighing between 16 and 22 kg, right ventricular systolic pressures of 50 mm Hg or greater were produced by banding the main pulmonary artery. This technique has been described in detail previously (4, 5) . Seventeen to forty-eight weeks after banding the pulmonary artery, the dogs were anesthetized with sodium pentobarbital, 27 mg/kg iv, and killed. The hearts were rapidly removed and fixed with glutaraldehyde at zero transmural pressure. Tissues were then taken from the trabeculae carnae at the bases and apexes of the right and left ventricles, placed in osmium tetroxide, embedded in Epon 812, sectioned at )i ft, stained with Azure II methylene blue, and then photomicrographed with a 4 by 5 camera fixed on a Zeiss Universal Light Microscope ( Fig. 1 ). All measurements were made from high-contrast prints with a l,000x magnification for cell lengths and 4,000 X magnification for sarcomere lengths. The variability in the measurement of cell length due to stepwise configuration of intercalated discs was 2.3%. Statistical analysis was performed using both the standard f-test (7) and the rank sum method (8) . A presentation of this method and a discussion of measurements of cell and sarcomere lengths in the normal canine heart have been reported (5) . These animals were not considered to be in heart failure because there was no liver and lung congestion, pleural effusion, or ascites, and the end-diastolic pressure in the right ventricle was normal. All values are the means ± SEM.
Results
Ventricular Weights.-After banding the main pulmonary artery for 17 to 48 weeks, all of the right ventricular weights (Table 1) were greater than in the normal hearts (P < 0.01), and two of the five left ventricular weights were greater than in the control group.
Cell Lengths.-After banding the main pulmonary artery, the mean cell lengths at zero transmural pressure were greatest at the right base, 105 ± 5 (i, and the left base, 103 ±5.7 (i, followed in length by the left apex, 95 ± 4 /x, and the right apex, 92 ± 5 /i. All were greater than those of normal hearts (right base, 67 ±2.5 fi; left base, 67±3. Table 2 ). Furthermore, in the hearts with pulmonary arterial banding, the cell lengths ranged from low normal to greater than normal; the percentages of cell lengths greater than 100 /A were 54% at the right base, 35% at the right apex, 45% at the left base, and 33% at the left apex, and all were significantly greater than the percentage in the normal hearts (right base, 16%; left base, 18%; right apex, 15%; left apex, 18%).
Sarcomere Lengths.-After banding the main pulmonary artery, the mean sarcomere lengths at zero transmural pressure were 2.04 ±0.006 ft at the right base and 2.16 ± 0.004 fi at the right apex ( Table 2 ) and were less than those of normal hearts (right base, 2.41 ±0.006 fi; right apex, 2.46±0.003 ft). However, after banding the main pulmonary artery, the mean sarcomere lengths were 2.10 ± 0.01 yu, at the left base and 2.22 ± 0.005 ix at the left apex, and were moderately, although significantly, less than the mean left ventricular sarcomere lengths of normal hearts (left base, 2.16 + 0.002 fi; left apex, 2.28± 0.005 ft) (P<0.001).
Number of Sarcomeres Per Cell Length.-As previously described, the number of sarcomeres per cell length was computed by dividing each cell length by the mean sarcomere length in that region. After banding the main pulmonary artery, the mean number of sarcomeres per cell length ( Table 2 ) was greatest at the right base, 53, followed by the left base, 47, left apex, 43, and right apex, 43; and all were greater than the normal (right base, 29; left base, 31; left apex, 31; right apex, 29). In the hearts with pulmonary arterial banding, the percentage of sarcomeres per cell greater than 45 was 63% at the right base, 41% at the right apex, 41% at the left base, and 43% at the left apex. These percentages were significantly greater than in the normal hearts (right base, 7%; right apex, 1%; left base, 13%; left apex, 9%).
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Discussion
Cell Lengths.-In dogs with banded pulmonary arteries, the discovery that the longest cell lengths were at the right base might be predicted by the law of Laplace: Tension or strain is equal to the product of pressure and radius. Therefore, with a pressure overload, the greater strain or stimulus to hypertrophy would occur at the ventricular base which has a larger diameter than the apex.
The calculated increase in the number of sarcomeres per cell length indicates that the increase in cell length is the result of adding more sarcomeres to the cell and not merely due to a stretching of the sarcomeres. We previously reported (6) an increase of glycogen adjacent to the intercalated disc, and this raises the question whether the locus for the addition of more sarcomeres may be at the intercalated discs. Since hypertrophy is a process by which the heart compensates, a study of the area of the intercalated disc in the failing heart may reveal a clue to the biochemical alterations in heart failure.
The left ventricular cell lengths of dogs with pulmonary arterial banding were significantly longer than those of normal hearts; although this increase was less than that in the right ventricle. The participation of the left ventricle in the hypertrophy process cannot be attributed to the interventricular stimulus of pressure overload. The left ventricular volume appears to be increased after pulmonary arterial banding (9) . Spann et al. (10) reported a moderate decrease in left ventricular norepinephrine content in cats with banded pulmonary arteries. Although we have no knowledge of the mechanism by which the left ventricular cells hypertrophy, the right and left ventricular myocardium may behave as a single structure in that a stress to one results in a hypertrophy of both. It is possible that a substance which has the property of producing hypertrophy may be released from the overloaded right ventricle and transported to the left ventricle.
In the hearts with pulmonary arterial banding, the frequency distribution of cell lengths ranged from low normal to significantly greater than normal. Because of this extreme variability, we may deduce that the stimulus to hypertrophy is either nonuniform or the individual cells have a different capability of adding more sarcomeres. At present, it is not known whether myocardial Circulation Research, Vol. XXIV, May 1969 cells differ metabolically or anatomically from the cells with a normal length.
Sarcomere Lengths.-The striking decrease in right ventricular sarcomere lengths after banding the pulmonary artery may be considered a reflection of a decrease in right ventricular compliance. This decrease in compliance may be simply the results of an increase in muscle mass. On the other hand, the study of Buccino et al. (11) pointed to an alteration in the myocardium per se. They demonstrated an increase in connective tissue as indicated by an increase in hydroxyproline in the right ventricles of cats with banded pulmonary arteries. The slight decrease in left ventricular sarcomere lengths may be explained by an increase in left ventricular connective tissue as reported by Buccino et al. (11) in cats with banded pulmonary arteries.
